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Introduction

Since the conception of plasmonic photocatalyst was pro-
posed,[1] the localized surface plasmon resonance (LSPR)
effect of noble-metal nanoparticles on photocatalyst has
been the focus of intense study.[2] The LSPR, an effect of
the nanosize regime, is essentially light waves that are
trapped on the surface due to the interaction with the free
electrons of the metal.[3] Excitation of the conduction elec-
trons occurs when there is resonance between the electrons
and the oscillating electric field of the incident light, and
this LSPR is observed as an extinction spectrum as light is
passed through the sample. The spectral position of the
LSPR and the scattering properties of metal nanoparticles
depend on the sizes and shapes of the nanoparticles, compo-
sitions and dielectric constant of the surrounding medium.[4]

The ability to fine-tune the LSPR properties has been a key

factor in advancing and optimizing these applications in cat-
alysis,[5] solar cell,[6] biological labeling,[7] optoelectronics,[8]

photothermal cancer therapy,[9] and surface-enhanced
Raman scattering.[10] Recently, we have explored new plas-
monic photocatalyst Ag@AgBr,[11] which is highly efficiency
in photooxidize methylic orange and stable under visible-
light illumination, but the reducing ability of Ag@AgBr is
poor. Generally speaking, the position of semiconductor�s
conduction band plays important role in the reducing ability.
The position of the conduction band is higher, the reducing
ability is stronger. By the same method as described in our
early report,[12] we have determined the conduction band po-
sition of AgBr can be driven up by introduction of the
iodine element. The conduction bands of AgBr and Ag-ACHTUNGTRENNUNG(Br,I) are about �3.28 and �3.2679 eV. From the results of
the calculation, we can predict that the reducing ability of
AgACHTUNGTRENNUNG(Br,I) is stronger than that of AgBr. The reducing ability
is checked by reducing of CrVI.

Chromium is widely used in industry and has resulted in a
tremendous contamination.[13] In the environment, chromi-
um is widely distributed and exists in two common oxidation
states, CrIII and CrVI.[14] CrVI, a carcinogen and mutagen, is
mobile in both aqueous and subsurface environments, which
is acutely toxic to most living organisms. In contrast to CrVI,
the toxicity of CrIII is relatively lower, which can be easily
absorbed into a variety of inorganic and organic materials at
neutral pH.[15] Furthermore, the trivalent chromium can be
isolated as insoluble CrIII hydroxides by adjusting the pH to
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sufficiently high values, enabling the removal of chromium
from the environment. Therefore, CrVI is usually reduced to
CrIII in order to minimize environmental pollution.[16] CrVI

can be reduced to CrIII by direct chemical reducing, using
FeII/FeIII and other biological methods.[17] Moreover, it can
also be realized by photocatalytic reduction.[18]

TiO2 has been investigated extensively in the fields of
photocatalytic reduction of CrVI. As a photocatalyst, the
TiO2 suffers severe constraints in practical applications due
to the wide band-gap (i.e., 3.2 eV for anatase and 3.0 eV for
rutile; and hence can only be excited under the irradiation
of UV light) and bottleneck of poor quantum yield that is
normally caused by the rapid recombination of photogener-
ated electrons and holes. Since UV light corresponds to only
4 % of the sunlight, a more efficient and visible light photo-
catalyst[19] is needed for reducing the pollution of CrVI

brought by industry.
In the present report, we describe the synthesis and char-

acterization of another analogous plasmonic photocatalyst
Ag@Ag ACHTUNGTRENNUNG(Br,I), which has strong photoreducing ability. The
reducing ability of the plasmonic photocatalysts (photogen-
erated electrons, reducing CrVI) has been checked. The plas-
monic photocatalyst Ag@Ag ACHTUNGTRENNUNG(Br,I) is shown to be highly ef-
ficient in photoreduction of CrVI than that of Ag@AgBr.
Our results have explored the usage of the photogenerated
electrons, and have proved that the introducing iodine ele-
ment can be used to enhance the reducing ability of the
plasmonic photocatalyst Ag@AgBr.

Results and Discussion

The size and morphology of plasmonic photocatalyst
Ag@Ag ACHTUNGTRENNUNG(Br,I) are depending on the size and morphology of
the starting material Ag2MoO4. XRD analysis was carried
out to investigate the crystal structure of the as-obtained
Ag2MoO4. The typical XRD pattern of the Ag2MoO4 is
given in Figure 1 a. All the diffraction peaks could be in-
dexed as the cubic phase (space group Fd3̄m) of Ag2MoO4

with lattice constant a=926 � (JCPDS Card No 75-250).
No characteristic peaks belonging to other impurities were
detected, indicating the synthesis of pure precursors.

The morphology and size of the starting material were in-
vestigated by SEM. Figure 1 c shows the typical image of
Ag2MoO4 with a size distribution (0.65–5 mm).

In Figure 1, some Ag2MoO4 appear as cobblestone-like
submicron particles, and others appear as polyhedron-like
particles, exposing more than four crystal faces.

The AgBr were fabricated by the ion-exchange process
between Ag2MoO4 and HBr. The morphology of AgBr was
determined by the Ag2MoO4. After the synthesis of the
AgBr, the ion-exchange process between AgBr and KI re-
sulted in the formation of Ag ACHTUNGTRENNUNG(Br,I).

The AgACHTUNGTRENNUNG(Br,I) solids were then added to a solution of MO
dye, which was irradiated with a 300 W Xe arc lamp
equipped with an ultraviolet cutoff filter to provide visible
light with l � 400 nm. Then the resulting precipitates,

which consisted of silver NPs and AgACHTUNGTRENNUNG(Br,I) particles, were
washed and dried in air. The crystal structures of the
Ag@Ag ACHTUNGTRENNUNG(Br,I) samples were examined by XRD.

The XRD pattern of the obtained Ag@AgACHTUNGTRENNUNG(Br,I) product
is shown in Figure 2. Figure 2 a can be indexed to the cubic
phase of Ag with lattice constant a=4.0861 � (JCPDS file:
65-2871) coexisting with AgACHTUNGTRENNUNG(Br,I) (JCPDS file: 48-1237).

The elemental compositions, chemical status and silver�s
content of Ag@Ag ACHTUNGTRENNUNG(Br,I) were also examined by X-ray pho-
toelectron spectroscopy (XPS). Before the visible light irra-
diation, XPS results indicate that the Ag@Ag ACHTUNGTRENNUNG(Br,I) contains
Ag, Br, I and C. The C element is due to the adventitious
hydrocarbon from the XPS instrument itself. Ag, Cl and Br
peaks are from the obtained Ag@Ag ACHTUNGTRENNUNG(Br,I) samples. Fig-ACHTUNGTRENNUNGures 3 and 4 show the XPS results of Ag@AgACHTUNGTRENNUNG(Br,I). The
binding energies in the XPS spectra presented are calibrated

Figure 1. a) XRD pattern of the as prepared Ag2MoO4 sample; b) the
standard Ag2MoO4 XRD pattern (JCPDS file 75-250); c) The typical
SEM image of Ag2MoO4 sample.

Figure 2. XRD patterns of a) Ag (JCPDS file: 65-2871), b) Ag ACHTUNGTRENNUNG(Br,I)
(JCPDS file: 48-1237), c) the as prepared Ag@Ag ACHTUNGTRENNUNG(Br,I) sample.
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by C1s (284.8 eV). In Figure 3 a, the Ag 3d spectra of
Ag@Ag ACHTUNGTRENNUNG(Br,I) consists of two individual peaks at about 374
and 368 eV, which can be attributed to Ag 3d3/2 and Ag
3d5/2 binding energies, respectively. The Ag 3d3/2 and Ag
3d5/2 peak can be further divided into two different peaks
at 374.54, 375.46 eV, and 368.53, 369.72 eV, respectively.
And the peaks at 375.46 and 369.72 eV attribute to metal
Ag0 while the peaks at 368.53 and 374.54 eV attribute to AgI

(Ag@AgACHTUNGTRENNUNG(Br,I)). The calculated surface Ag0 content of the
corresponding samples is 0.98 % (mol %), and the calculated
surface Ag+ content is 54.86 % (mol %). The spectra of Br

3d and I 3d are shown in Figure 4, the binding energies of
Br 3d3 and 3d5 are �69.69 and �68.61 eV, and the binding
energies of I 3d3 and 3d5 are �631.51 and �620.00 eV. The
calculated Br and I contents are 12.76 % (mol %) and
31.41 % (mol %), respectively.

The scanning electron microscopy (SEM) image of
Figure 5 shows the morphology of the as-prepared Ag@Ag-ACHTUNGTRENNUNG(Br,I) sample. Compared with the precursor Ag2MoO4, the
size of the Ag@Ag ACHTUNGTRENNUNG(Br,I) particles is smaller. It seems that
the large particles of the Ag2MoO4 become into one more
small nanoparticles. The Ag@Ag ACHTUNGTRENNUNG(Br,I) particles are in irreg-
ular shapes and their sizes vary from 83 nm to 1 mm. It is dif-
ficult to confirm the position and the size of the Ag nano-
particles. Higher resolution images can not be achieved be-
cause AgBr is decomposed by the high energy electron
beam.

The UV/Vis diffuse reflectance spectra of Ag@AgACHTUNGTRENNUNG(Br,I) is
presented in Figure 6. The Ag@Ag ACHTUNGTRENNUNG(Br,I) has stronger ab-
sorption in UV region than Ag@AgBr. Due to the plasmon
resonance of Ag nanoparticles in the samples, both the plas-
monic photocatalysts Ag@Ag ACHTUNGTRENNUNG(Br,I) and Ag@AgBr exhibit
strong absorption in the visible region.

It was generally believed that CrVI could be reduced to
CrIII by the photogenerated electrons of TiO2,

[20] and the
mechanism was reported in many works.[21] Figure 7 a shows
the photocatalytic reduction of CrVI over plasmonic photo-
catalyst Ag@Ag ACHTUNGTRENNUNG(Br,I), which exhibits a high photcatalytic
activity for CrVI reduction under visible light. It could be

Figure 3. XPS spectra of a) Ag 3d of Ag@Ag ACHTUNGTRENNUNG(Br,I); b) Ag 3d of the cor-
responding Ag@Ag ACHTUNGTRENNUNG(Br,I) after 10 h irradiation under visible-light irradia-
tion.

Figure 4. XPS spectra of a) Br 3d and b) I 3d of the obtained Ag@Ag-ACHTUNGTRENNUNG(Br,I) sample.

Figure 5. SEM image of Ag@Ag ACHTUNGTRENNUNG(Br,I) sample.

Figure 6. UV/Vis diffuse reflectance spectra of a) Ag@Ag ACHTUNGTRENNUNG(Br,I) and b)
Ag@AgBr.
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seen that the concentration of CrVI decreased with increas-
ing irradiation time and nearly half the amount of CrVI is
photocatalytically reduced after 20 min of irradiation, and
almost all of the CrVI is reduced after 40 min of irradiation.
Figure 7 b shows the photocatalytic reduction of CrVI over
Ag@Ag ACHTUNGTRENNUNG(Br,I) and Ag@AgBr. The results indicated that the
rate of CrVI reduction with the Ag@Ag ACHTUNGTRENNUNG(Br,I) as a photocata-
lyst was faster than that with Ag@AgBr. Provided that the
CrVI reduction reaction follows a pseudo-first order reaction,
the rates of the CrVI decay over Ag@Ag ACHTUNGTRENNUNG(Br,I) and
Ag@AgBr are estimated to be about 0.0356 and
0.004 mg min�1. The rate for reduction of CrVI with Ag@Ag-ACHTUNGTRENNUNG(Br,I) as a photocatalyst is around eight times as fast as that
with Ag@AgBr. The blank experiment in the absence of the
photocatalyst but under visible light irradiation and blank
experiment using Ag@Ag ACHTUNGTRENNUNG(Br,I) and Ag@AgBr as the photo-
catalysts without irradiation were also done and the results
demonstrated that the decay of CrVI was caused by the pho-
tocatalyst�s reducing process.

The photooxidation capability of the plasmonic photoca-
talyst Ag@Ag ACHTUNGTRENNUNG(Br,I) sample was also evaluated by measuring
the decomposition of methylic orange (MO) dye in the MO
solution (with concentration of 20 mg L)�1 under visible-

light irradiation (l � 400 nm). The degradation process is
completed in about 35 min of visible-light irradiation, the
rate of MO degradation over Ag@Ag ACHTUNGTRENNUNG(Br,I) is lower than
that over Ag@AgBr. In the presence of different pollutants,
the reaction groups are different. In the present of CrVI, the
reaction group is photogenerated electrons, and the reduc-
tion ability of the electrons was determined by the position
of semiconductor�s conduction band, because the conduction
band of Ag ACHTUNGTRENNUNG(Br,I) is higher than that of AgBr, (�3.2679 and
�3.28 eV), so the reducing ability of AgACHTUNGTRENNUNG(Br,I) is stronger
than that of AgBr; while in present of MO, the reaction
group is photogenerated holes, and the oxidation of holes in
AgBr is higher than that of Ag ACHTUNGTRENNUNG(Br,I).

The photocatalystic results have proved that the plasmon-
ic photocatalyst Ag@Ag ACHTUNGTRENNUNG(Br,I) can be used to reduce the
CrVI and decompose the organic pollution (MO). Due to the
plasmon resonance of Ag nanoparticles, the plasmonic pho-
tocatalyst shows great absorption in visible light region.
After excited by the light, the photogenerated electron-hole
pairs appear in the system. During the process of the decay
of CrVI, the photogenerated electrons correspond to the re-
duction of CrVI. And the photogenerated holes are expected
to be trapped by EDTA.[21a] During the process of the de-
struction of the MO, the photogenerated holes transfer to
the surface of the system correspond to the oxidation of
MO dye. And the photogenerated electrons are expected to
be trapped by O2 in the solution to form superoxide ions
and other reactive oxygen species.[22] The outstanding photo-
catalytic activities of the plasmonic photocatalyst are related
to the size of the particles, high adsorption of visible light,
and effective separation of the photogenerated electrons
and holes. The good surface contact of Ag metal particles to
the Ag ACHTUNGTRENNUNG(Br,I) matrix also takes an important role, playing
the function of metal-semiconductor heterojunctions, en-
hancing the charge transfer, and hence improving the photo-
catalysis efficiency.[23]

The photostability is very important for the plasmonic
photocatalyst�s application. Thus, the stability of plasmon
photocatalyst Ag@Ag ACHTUNGTRENNUNG(Br,I) is further investigated. The
Ag@Ag ACHTUNGTRENNUNG(Br,I) photocatalyst has been put under the irradia-
tion of visible light for 10 h, and the XRD and XPS have
been taken to check the photostability (10 h is long enough
to achieve five turns of the photoreduction of hexavalent
chromium and photooxidation of MO). The XRD pattern of
the Ag@Ag ACHTUNGTRENNUNG(Br,I) after visible light irradiation of 10 h is
almost identical to that of the as-prepared sample with the
cubic phase of Ag (JCPDS file: 65-2871) coexists with the
cubic phase of AgACHTUNGTRENNUNG(Br,I) (JCPDS file: 48-1237) (not shown
here). The XPS spectra of photocatalyst Ag@Ag ACHTUNGTRENNUNG(Br,I) after
visible light irradiation of 10 h is shown in Figure 3 b, and
the calculated surface Ag content of the corresponding sam-
ples is 1.17 % (mol %). The calculated surface Ag+ , Br and
I contents are 54.41 % (mol %), 12.89 % (mol%) and
31.53 % (mol %), respectively. The content hardly changes.
Therefore, it�s considered that the Ag@Ag ACHTUNGTRENNUNG(Br,I) plasmonic
photocatalyst in our experiment conditions is highly efficient
and stable under visible-light irradiation.

Figure 7. a) Changing UV/Vis spectrum of the aqueous solution in the
presence of Ag@Ag ACHTUNGTRENNUNG(Br,I) under visible light irradiation (using dipheny-
carbazide as a developer at 540 nm). b) Photocatalytic reduction of CrVI

in a slurry system over plasmonic photocatalysts Ag@Ag ACHTUNGTRENNUNG(Br,I) (&) and
Ag@AgBr (~) under visible-light irradiation (l � 400 nm). c is the con-
centration of CrVI at time t, and C0 that in the slurry system immediately
after it is kept in the dark to obtain equilibrium adsorption state.
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Conclusion

The plasmonic photocatalyst Ag@Ag ACHTUNGTRENNUNG(Br,I) has been fabri-
cated by the ion-exchange process and light-induced chemi-
cal reduction reaction. The photocatalyst has strong absorp-
tion in the visible region for the plasmon resonance of Ag
nanoparticles. By introducing the iodine element, the plas-
monic photocatalyst Ag@Ag ACHTUNGTRENNUNG(Br,I) exhibites superior photo-
catalytic activity for the reduction of CrVI under visible light
irradiation than Ag@AgBr photocatalyst. The XRD pattern
and XPS spectra results proved the stability of the plasmon-
ic photocatalyst Ag@Ag ACHTUNGTRENNUNG(Br,I). Our studies suggest that the
plasmonic photocatalyst Ag@Ag ACHTUNGTRENNUNG(Br,I) active in visible light
can be widely used in the photoreduction of heavy metal
(hexavalent chromium) and photooxidation of organic pol-
lution (MO).

Experimental Section

Materials : Silver nitrate, potassium iodide, perchloric acid and diphenyl-
carbazide were purchased from Statepharm Chemical Reagent. Co. Ltd.
(Shanghai) and hydrochloric acid was purchased from Kang de Chemical
Reagent. Co. Ltd. (Shandong); Sodium molybdate, sodium hydroxide,
hydrobromic acid and potassium chromate were purchased from Kemel
Chemical Reagent. Co. Ltd. (Tianjing). All reagents were used as re-
ceived without further treatment.

Preparation of silver molybdate : The silver molybdate was synthesized as
previously described.[1b] A 0.2m AgNO3 solution (10 mL) was mixed with
0.1m Na2MoO4 solution (10 mL), without adjusting the pH value of the
mixed solution. The resulting solution was stirred for about 0.5 h, trans-
ferred to a special Teflon autoclave, and then heated at 180 8C for 1 h
under microwave irradiation, which led to precipitation of Ag2MoO4.
The Ag2MoO4 precipitates were collected, washed with deionized water
until the pH value of the washing solution was about 7, and dried in air
at 80 8C for 8 h.

AgBr was synthesized by the ion-exchange reaction between Ag2MoO4

and HBr. Ag2MoO4 was sonicated in concentrated HBr until completion
of the ion-exchange process. This process yielded H2MoO4, which was
dissolved in an excess of HBr. AgBr were precipitated. The AgBr precip-
itates were collected, washed with deionized water and dried in air.

Preparation of Ag ACHTUNGTRENNUNG(Br,I): AgBr (1.878 g) was added into the reaction
vessel, which contained KI solution (100 mL, 0.05 mol L�1). The vessel
was stirred for about 3–5 d. Then Ag ACHTUNGTRENNUNG(Br,I) precipitates were collected,
washed with deionized water and dried in air.

The obtained Ag ACHTUNGTRENNUNG(Br,I) powders were put into a solution of MO dye,
which were then irradiated with a 300 W Xe arc lamp equipped with an
ultraviolet cutoff filter to provide visible light with l � 400 nm. Then the
resulting precipitates, which consisted of silver NPs and Ag ACHTUNGTRENNUNG(Br,I) parti-
cles, were washed and dried in air.

The crystal structure of the sample was examined by X-ray diffraction
(XRD, Bruker AXS D8), it�s morphology by Scanning Electron Micros-
copy (SEM, Hitachi S-4800 microscopy), and diffuse reflectance by UV/
Vis spectroscopy (UV-2550, Shimadzu). The content of Ag element in
Ag@Ag ACHTUNGTRENNUNG(Br,I) photocatalyst was confirmed by X-ray photoelectron spec-
troscopy measurements (VG MicroTech ESCA 3000 X-ray photoelectron
spectroscope using monochromatic A1Ka with a photon energy of
1486.6 eV at a pressure of >1�10�9 Torr, a pass energy of 40 eV, an elec-
tron takeoff angle of 60 8C, and an overall resolution of 0.05 eV). The
XPS spectra were fitted using a combined polynomial and Shirley-type
background function. The activities of the photocatalysts were evaluated
by studying the reduction of CrVI. The reduction of the CrVI was carried
out with the powdered Ag@Ag ACHTUNGTRENNUNG(Br,I) photocatalyst (0.1 g) suspended in a
solution of K2CrO4 (100 mL, 14.24 mg L�1). The pH of the reaction sus-

pension was adjusted to 2 with diluted HClO4, and EDTA was also
added as sacrificial reagent. After the photocatalytic experiment was
started by the irradiation of visible light, 5 mL volume of solution were
periodically withdrawn from the reaction vessel, and the CrVI concentra-
tions were measured using the diphenycarbazide (DPC) method at
540 nm[24] on a UV/Vis spectrophotometer (UV-7502PC, Xinmao, Shang-
hai). The optical system for detecting the catalytic reaction included a
300 W Xe arc lamp (PLS-SXE300, Beijing Trusttech Co. Ltd) with UV
cutoff filter (providing visible light l � 400 nm).
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